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We propose a SU(3)C × SU(2)L × SU(2)N ×U(1)Y model arising from E6 grand unified theory.
We show that the tiny neutrino masses in this model can be generated at the three-loop involving
the SU(2)N gauge bosons. With Yukawa couplings around 0.01 or larger and TeV-scale SU(2)N
gauge bosons, we show that the neutrino oscillation data can be explained naturally by presenting
a concrete benchmark set of input parameters. All new particles are around the TeV scale. Thus
our model can be tested at the ongoing/future collider experiments.
I. INTRODUCTION
One of the great achievements in particle physics during the last few decades is the discovery of the neutrino
oscillations [1, 2], which can be explained by assuming nonzero masses of neutrinos. However, neutrinos are massless
in the Standard Model (SM). Therefore, the neutrino oscillations provide a solid evidence for new physics beyond
the SM.
The lightest charged particle in the SM is the electron, and its mass is at least 6 orders of magnitude larger than
the predicted neutrino mass [3]. Thus, any new physics theory beyond the SM should explain why the neutrino
masses are so tiny. Several attempts have been made in last a few decades. In the minimal SM extension, there is
a unique Weinberg’s dimension five operator [4]
L5 = fijmn l¯CiαLljβLφ(m)γ φ(n)δ ǫαγǫβδ + f ′ijmn l¯CiαLljβLφ(m)γ φ(n)δ ǫαβǫγδ , (1)
where φ(m) is scalar field and can be one or more; l is the lepton doublet; α, β, γ and δ are the SU(2)L indices; i
and j are the generation indices. The f and f ′ are roughly of the order 1/M , where M is the mass scale of new
physics. At the tree level, there exist only three different mechanisms to realize this operator [5]: type-I [6–9], type-II
[10–15], and type-III [16] seesaw mechanisms involving singlet fermion, scalar triplet, and Majorana triplet fermion,
respectively, as heavy intermediate particles with the mass of the order of M . We can obtain a tiny neutrino mass
by integrating out the heavy fields, which is roughly given by 〈v(m)0 〉
2
/M , where 〈v(m)0 〉 is the vacuum expectation
value (VEV) of the scalar φ(m). The neutrino mass is suppressed by the heavy mass scale M , which is generally
close to the unification scale in the grand unified theory (GUT) for standard high energy seesaw models where not
all the Yukawa couplings are very small. Such a high energy scale is inaccessible at experiments like LHC.
In order to get a testable new physics scale, we need a suppression mechanism different from the usual seesaw
mechanisms. One such mechanism could be the radiatively generated neutrino masses [17–36]. The suppression
arises from the loop integrals and the new physics scaleM is usually the TeV scale. At the n-loop order, a dimension
d diagram estimates the neutrino mass as
mν ∼ c×
(
1
16π2
)n
× 〈v
(m)
0 〉
2k
M2k−1
, (2)
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2where c is a dimensionless quantity contains all the coupling constants and other mass ratios, and the mass dimension
of the corresponding effective operator is 2k+3, for example, we consider the dimension-5 Weinberg operator with
n = 3 and k = 1 in this paper.
The existing works on 3 loop masses, for example, the KNT model [25], the AKS model [29] and the cocktail
model [37], involve new particles assuming SM gauge symmetry extended by an additional discrete symmetry. In
this work, we present a model with an additional SU(2)N gauge symmetry [38, 39] where the gauge symmetry
group SU(2)N can arise as a subgroup in the decomposition of the E6 GUT model [40–46]. The particle content
of the model restricts the Majorana neutrino masses to be generated below the three-loop level. The SU(2)N
gauge bosons play an important role in the determination of the neutrino masses at three loops. Due to a large
suppression factor,
(
1
16pi2
)3 ∼10−7, arising from the loop integrals, the TeV mass scale can be the new physics scale
of our model. The new gauge symmetry SU(2)N can be broken around the TeV scale, so our model can be tested
at the ongoing LHC and/or HE-LHC, FCC, and SppC, etc.
This paper is organized as follows: in Sec. II, we present the model in details and discuss the possible Yukawa
coupling terms. We study the Higgs potential and its minimization in Sec. III. In Sec. IV, we calculate the masses
for different scalar particles and obtain the physical states. Sec. V includes the details about the gauge sector of
the model, such as gauge boson masses and their couplings with scalars and fermions. We obtain an analytical
expression for the neutrino mass matrix in Sec. VI. A numerical analysis, to show the consistency of the analytical
expression with the experimental data, is given in Sec. VII. LHC relevant constraints are discussed in Sec. VIII
and we conclude in Sec. IX.
II. MODEL BUILDING
Our model can arise from the E6 GUT. One possible maximal subgroup of E6 is SU(6)× SU(2)N . The SU(6)
group has a maximal subgroup SU(5) × U(1)′. We assume that the U(1)′ gauge symmetry is broken around the
GUT scale. Because the SU(5) group contains the SM gauge symmetry, the low energy gauge symmetry of our
model is SU(3)C × SU(2)L × SU(2)N × U(1)Y . The SU(2)N has no component to the electric charge operator in
our model, so the charge operator is defined as Q = T3L+Y . We assume that the SU(2)L doublet assignments are
vertical while the SU(2)N doublets are horizontal.
Under the gauge symmetry SU(3)C × SU(2)L × SU(2)N × U(1)Y , the quantum numbers for the fermions are
Qi ∼
(
ui
di
)
∼ (3, 2, 1, 1
6
), Uci ∼ (3¯, 1, 1,−
2
3
), Dci ∼
(
d′
c
i d
c
i
)
∼ (3¯, 1, 2, 1
3
) ,
Di ∼ (3, 1, 1,−
1
3
), Li ∼
(
E0i νi
E−i e
−
i
)
∼ (1, 2, 2,−1
2
), Eci ∼ (1, 1, 1, 1) ,
Li
′ ∼
(
E+i
E¯i
0
)
∼ (1, 2, 1, 1
2
), Nci ∼ (nc1i nc2i) ∼ (1, 1, 2, 0) ,
Fi ∼
(
F3i F1i
F2i −F3i
)
∼ (1, 1, 3,−1), Fic ∼
(
F c3i F
c
1i
F c2i −F c3i
)
∼ (1, 1, 3, 1) ,
where i = 1, 2, 3. Qi, U
c
i , D
c
i , Di, Li, E
c
i , L
′
i, and N
c
i arise from the 27 representation of E6, while Fi and F
c
i
come from the 351 and 351 representations of E6, respectively. Because E6 is a real group while Fi and F
c
i are
vectorlike, the gauge anomalies are canceled.
The scalar sector of the model consists of the following particles:
Hd ∼
(
φ1
0 φ3
0
φ1
− φ3−
)
∼ (1, 2, 2,−1
2
), Hu ∼
(
φ2
+
φ2
0
)
∼ (1, 2, 1, 1
2
) ,
S0 ∼
(
S01 S
0
2
)
∼ (1, 1, 2, 0), T ∼
(
T1
++ T2
++
T1
+ T2
+
)
∼ (1, 2, 2, 3
2
) .
The Hd, Hu, and S
0 come from the 27 representation, while the bidoublet scalar T arises from the 650 representa-
tion of E6. The SU(2)N gauge symmetry is broken when S
0 acquires a VEV, and the electroweak gauge symmetry
is broken by the VEVs of Hd and Hu.
The Lagrangian for the Yukawa sector and vectorlike mass terms are
(3)
−LY ukawa = y1ijLiαβTγβFjδδǫαγǫβδǫβδ + y2ijLiαβHdγβF cjδδǫαγǫβδǫβδ + y3ijQiαHdβγDcjδǫαβǫγδ
+ y4ijQiαHuβU
c
j ǫαβ + y5ijD
c
iαS
0
βDjǫαβ + y6ijLiαγL
′
jβS
0
δǫαβǫγδ + y7ijL
′
iαHdβγN
c
jδǫαβǫγδ
+ y8ijLiαγHdβδE
c
j ǫαβǫγδ + y9ijLiαγHuβN
c
jδǫαβǫγδ +
1
2
MijFiF
c
j + µijFiE
c
j +mNijN
c
iN
c
j ,
3where α, β, γ and δ are SU(2) indices; i and j are generation indices; and ǫαβ is the totally antisymmetric SU(2)
tensor with ǫ12 = +1. For simplicity, we assume Mij =Miδij , and µij = 0. N
c
i s are needed (and the related terms
in the above Lagrangian) only if the SU(3)C ×SU(2)L×SU(2)N ×U(1)Y symmetry of our model has an E6 origin.
However, if we choose to work with the E6 GUT model, we introduce three pairs of vectorlike fermions 27
′
i and
27
′
i under E6 as well as a discrete Z2 symmetry. Under this Z2 symmetry, 27
′
i and 27
′
i are odd while all the other
particles are even. We assume the Majorana masses mNij in the above equation are around the GUT scale, and
then the type I seesaw mechanism via N ci is highly suppressed. Moreover, we assume that the vectorlike fermions
except N c′i and N
c′
i in 27
′
i and 27
′
i have vectorlike masses around the GUT scale, and N
c′
i have Majorana masses
around the GUT scale, while N c′i have Majorana masses around the TeV scale. To simplify the convention, we
redefine N c′i as N
c
i . Thus, we obtain the model where only N
c
i is odd under the Z2 symmetry while all the other
particles are even. In such a situation, the y7ij and y9ij terms in Eq. (4) are forbidden and the lightest fermion of
N ci can be a dark matter candidate. In particular, there are no low-energy neutrino mass terms at tree level.
Using the explicit components of the fields, we get
(4)
−LY ukawa = y1ij(−E0i T+1 + νiT+2 + E−i T1++ − e−i T2++)F3j + y2ij(−E0i φ−1 + νiφ−3 + E−i φ01 − e−i φ03)F c3j
+ y3ij [(uiφ
−
1 − diφ01)dcj − (uiφ−3 − diφ03)d′cj ] + y4ij(uiφ02 − diφ+2 )U cj
+ y5ij(d
′c
iS
0
2 − dciS01)Dj + y6ij [(E0i E¯0j − E−i E+j )S02 − (νiE¯0j − e−i E+j )S01 ]
+ y8ij(E
0
i φ
−
3 − νiφ−1 − E−i φ03 + e−i φ01)Ecj +
1
2
MiFiF
c
i +mNijN
c
iN
c
j .
We consider three nonzero VEVs 〈φ01〉 = v1√2 , 〈φ02〉 =
v2√
2
, and 〈S02〉 = vs√2 . From Eq. (4) we get that
v1√
2
gives the
down-type quark masses and charged lepton masses, v2√
2
gives the up-type quark masses, and vs√
2
gives masses to
the vectorlike particle (Dci , Di), (E
+
i , E
−
i ) and (E
0
i , E¯i
0
).
The discrete Z2 symmetry and the particle content of our model restricts the Majorana neutrino masses to be
generated below the three-loop level. Figure 1 is the three-loop diagram in the interaction basis that gives rise to
the effective Majorana neutrino mass operator LiLjH
∗
dH
∗
d/M, where M is some effective mass scale.
Li Lj
H∗d H
∗
d
LjXElXE
c
lLi
Hd T
Xµ
H∗d T ∗
Xν
FIG. 1: Three loop diagrams in the interaction basis responsible for the Majorana neutrino masses.
III. THE HIGGS POTENTIAL
We need the complete Higgs potential to get the physical scalar states and their masses. The most general
renormalizable scalar potential for the Higgs scalars of our model is
(5)
Vpotential = m
2
1Hd
†
αβHdβα +m
2
2Hu
†
αHuα +m
2
sS
0
αS
0†
α +m
2
TT
†
αβTβα +
λ2
2
Hu
†
αHuαHu
†
βHuβ
+
λ1
2
Hd
†
αβHdβαHd
†
γδHdδγ +
λ3
2
Hd
†
αβHdβγHd
†
γδHdδα +
λs
2
S0αS
0†
αS
0
βS
0†
β
+
λ6
2
T †αβTβαT
†
γδTδγ +
λ7
2
T †αβTβγT
†
γδTδα + λ4Hu
†
γHuγHd
†
αβHdβα + λ5Hu
†
αHdαβHd
†
βγHuγ
+ λ8Hu
†
αHuαS
0
βS
0†
β + λ9S
0
γS
0†
γHd
†
αβHdβα + λ10S
0
αHd
†
αβHdβγS
0†
γ + λ11S
0
γS
0†
γT
†
αβTβα
+ λ12S
0
αT
†
αβTβγS
0†
γ + λ13Hu
†
γHuγT
†
αβTβα + λ14Hu
†
αTαβT
†
βγHuγ + λ15Hd
†
αβHdβαT
†
γδTδγ
+ λ16Hd
†
αβHdβγT
†
γδTδα + λ17Hd
†
αβTβαT
†
γδHdδγ + λ
′[HuαHdβγS
0
δ ǫαβǫγδ +H.c]
+ λ[TαρHdβσHdγµHdδνǫαβǫρσǫγδǫµν + TαρHdβσHdγµHdδνǫαβǫρµǫγδǫσν +H.c] ,
4where all the parameters are real. Here α, β, γ, δ, ρ, σ, µ and ν are the SU(2) indices and ǫαβ is the totally
antisymmetric SU(2) tensor with ǫ12 = +1.
The minimum of the potential is given by
(6)
V 0potential =
1
2
m21v
2
1 +
1
2
m22v
2
2 +
1
2
m2sv
2
s +
1
8
(λ1 + λ3)v
4
1 +
1
8
λ2v
4
2
+
1
8
λsv
4
s +
1
4
λ4v
2
1v
2
2 +
1
4
λ8v
2
2v
2
s +
1
4
λ9v
2
sv
2
1 −
1√
2
λ′v1v2vs .
The minimization conditions are
m21 +
1
2
(λ1 + λ3)v
2
1 +
1
2
λ4v
2
2 +
1
2
λ9v
2
s −
1√
2
λ′
v2vs
v1
= 0 , (7)
m22 +
1
2
λ4v
2
1 +
1
2
λ2v
2
2 +
1
2
λ8v
2
s −
1√
2
λ′
v1vs
v2
= 0 , (8)
m2s +
1
2
λ9v
2
1 +
1
2
λ8v
2
2 +
1
2
λsv
2
s −
1√
2
λ′
v1v2
vs
= 0 . (9)
After Hd, Hu and S
0 acquire VEVs, we can write them as
Hd ∼
( 1√
2
(v1 + ρ1 + iη1)
1√
2
(ρ3 + iη3)
φ1
− φ3−
)
, (10)
Hu ∼
(
φ2
+
1√
2
(v2 + ρ2 + iη2)
)
, S0 ∼
(
1√
2
(ρ1s + iη1s)
1√
2
(vs + ρ2s + iη2s)
)
. (11)
IV. SCALAR MASSES
With the scalars in Eqs. (10) and (11), we can now obtain the terms in the Lagrangian density which gives
masses to the different scalars from Eq. (5). The mass terms for the single charged scalars are
(12)
V ±mass =
(
λ5v1v2
2
+
λ′vs√
2
)(
φ−1 φ
−
2
)( v2
v1
1
1 v1
v2
)(
φ+1
φ+2
)
+
(
φ−3 T
−
2
)( −λ3v21
2
+
λ5v
2
2
2
+
λ10v
2
s
2
+ λ
′v2vs√
2v1
6λv21
6λv21 m
2
T +
λ15v
2
1
2
+
(λ13+λ14)v
2
2
2
+
(λ11+λ12)v
2
s
2
)(
φ+3
T+2
)
+
[
m2T +
(λ15 + λ16)v
2
1
2
+
(λ13 + λ14)v
2
2
2
+
λ11v
2
s
2
]
T−1 T
+
1 .
First, we get a mixing between φ±1 and φ
±
2 . That mixing gives four scalars h
±
1 and h
±
2 with mass squared zero
and
v2
1
+v2
2
v1v2
(
λ5v1v2
2 +
λ′vs√
2
)
respectively. The states are
h±1 = cosβ φ
±
1 + sinβ φ
±
2 , (13)
h±2 = − sinβ φ±1 + cosβ φ±2 , (14)
where the mixing angle is given by tanβ = v2
v1
. The two massless states h±1 are corresponding to two charged
Goldstone modes, and the other two states h±2 are two single charged physical scalars.
The scalars φ±3 and T
±
2 will mix and give the following four mass eigenstates:
H±1 = cos θ φ
±
3 + sin θ T
±
2 , (15)
H±2 = − sin θ φ±3 + cos θ T±2 , (16)
5with mass squared
m2
H
±
1
=
1
2
(m22 +m
2
3) +
1
2
√
(m22 −m23)2 + 144λ2v41 (17)
and
m2
H
±
2
=
1
2
(m22 +m
2
3)−
1
2
√
(m22 −m23)2 + 144λ2v41 , (18)
respectively. The mixing angle is given by tan 2θ =
12λv2
1
m2
2
−m2
3
. The definition of m22 and m
2
3 are
m22 = m
2
T +
λ15v
2
1
2
+
(λ13 + λ14)v
2
2
2
+
(λ11 + λ12)v
2
s
2
, (19)
and
m23 = −
λ3v
2
1
2
+
λ5v
2
2
2
+
λ10v
2
s
2
+
λ′v2vs√
2v1
. (20)
The four states H±1 and H
±
2 are identified as four single charged physical scalar. From Eq. (12) we get two more
single charged physical scalar T±1 with mass squared
m2
T
±
1
= m2T +
(λ15 + λ16)v
2
1
2
+
(λ13 + λ14)v
2
2
2
+
λ11v
2
s
2
. (21)
The following term of the Lagrangian density gives the masses of the double charged scalars:
(22)V ±±mass =
(
T−−1 T
−−
2
)( m2T + (λ15+λ16+λ17)v212 + λ13v222 + λ11v2s2 0
0 m2T +
λ15v
2
1
2
+
λ13v
2
2
2
+
(λ11+λ12)v
2
s
2
)(
T++1
T++2
)
.
The mass matrix is already diagonalized and gives the mass squared of the four doubly charged physical scalar
T±±1 and T
±±
2
m2
T
±±
1
= m2T +
(λ15 + λ16 + λ17)v
2
1
2
+
λ13v
2
2
2
+
λ11v
2
s
2
, (23)
and
m2
T
±±
2
= m2T +
λ15v
2
1
2
+
λ13v
2
2
2
+
(λ11 + λ12)v
2
s
2
, (24)
respectively. Next we consider the mass terms for the five neutral scalars
(25)
V ρmass = (ρ1 ρ2 ρ2s)


(λ1+λ3)v
2
1
2 +
λ′v2vs
2
√
2v1
λ4v1v2
2 − λ
′vs
2
√
2
λ9v1vs
2 − λ
′v2
2
√
2
λ4v1v2
2 − λ
′vs
2
√
2
λ2v
2
2
2 +
λ′v1vs
2
√
2v2
λ8v2vs
2 − λ
′v1
2
√
2
λ9v1vs
2 − λ
′v2
2
√
2
λ8v2vs
2 − λ
′v1
2
√
2
λsv
2
s
2 +
λ′v1v2
2
√
2vs



 ρ1ρ2
ρ2s


+
(
λ10v1vs
4
+
λ′v2
2
√
2
)
(ρ3 ρ1s)
( vs
v1
1
1 v1
vs
)(
ρ3
ρ1s
)
.
Here, ρ3 and ρ1s are the states to mix and give one neutral scalar Goldstone mode(s0) and one neutral physical
scalar(s3) with mass squared equal to
v2
1
+v2s
v1vs
(
λ10v1vs
4 +
λ′v2
2
√
2
)
. We get three more neutral physical scalars(s1, s2
and s2s) from the mixing of ρ1, ρ2 and ρ2s. The term below gives the masses of pseudoscalars
(26)V ηmass =
λ′
2
√
2
(η1 η2 η2s)


v2vs
v1
vs v2
vs
v1vs
v2
v1
v2 v1
v1v2
vs



 η1η2
η2s

+
(
λ10v1vs
4
+
λ′v2
2
√
2
)
(η3 η1s)
( vs
v1
−1
−1 v1
vs
)(
η3
η1s
)
,
where η1, η2 and η2s will mix and give two neutral pseudoscalars Goldstone mode(s
′′
0 and s
′′′
0 ) and one physical
neutral pseudoscalar(s′1) with mass squared
λ′
2
√
2
(
v2
1
v2
2
+v2
2
v2s+v
2
sv
2
1
v1v2vs
)
. η3 and η1s will mix and give another neu-
tral pseudoscalar Goldstone mode(s′0) and another physical neutral pseudoscalar(s
′
3) with mass squared equal to
v2
1
+v2s
v1vs
(
λ10v1vs
4 +
λ′v2
2
√
2
)
.
We start with 24 scalar degrees of freedom and end up with 18 physical scalars. The other 6 degrees of freedom
correspond to the six Goldstone mode are eaten by the massless gauge bosons. The Goldstone modes will become
the longitudinal modes of gauge bosons, which will become massive. So there will be six massive gauge bosons and
one massless gauge boson.
6V. GAUGE BOSONS
In this section, we discuss the gauge boson masses and physical gauge boson states, as well as their interactions
with the physical scalars and fermions. The Lagrangian density, which gives the gauge boson masses and their
interactions with the scalars, is
Lgauge−scalar = (DµHu)†α (DµHu)α +
(
DµH
T
d
)†
αβ
(
DµHTd
)
βα
+
(
DµS
0T
)†
α
(
DµS0
T
)
α
+
(
DµT
T
)†
αβ
(
DµT T
)
βα
,
(27)
where α and β are the SU(2) indices. The covariant derivative is defined as
DµI = ∂µI+ i
g
2
τaWµa + i
g′2
2
τaW
′
µa + ig
′Y BµI , (28)
where g, g′2 and g
′ are the coupling constant corresponding to the SU(2)L, SU(2)N , and U(1)Y groups respectively.
Wµ, W
′
µ, and Bµ are the gauge bosons of the SU(2)L, SU(2)N , and U(1)Y groups respectively.
V.I. Gauge boson masses
We define
√
2W±µ = W1µ∓ iW2µ and
√
2X1,2µ = W
′
1µ∓ iW ′2µ. After the spontaneous symmetry breaking of the
gauge groups the massless gauge boson will become massive. We write the part of Eq. (27) that gives the masses
of the gauge bosons
(29)
−Lmassgauge =
1
4
g2(v21 + v
2
2)W
−
µ W
+µ +
1
4
g′2
2
(v21 + v
2
s)X2µX
µ
1
+
1
8
(
Bµ W3µ W
′
3µ
) g
′2(v21 + v
2
2) −gg′(v21 + v22) −g′g′2v21
−gg′(v21 + v22) g2(v21 + v22) gg′2v21
−g′g′2v21 gg′2v21 g′22(v21 + v2s)



 B
µ
W3
µ
W ′3
µ

 .
After the spontaneous symmetry breaking, Bµ, W3µ and W
′
3µ will mix and give three physical gauge bosons,
which can be written as
Aµ = sin θW W3µ + cos θW Bµ (30)
Zµ = cos θN cos θW W3µ − cos θN sin θW Bµ + sin θN W ′3µ (31)
X3µ = − sin θN cos θW W3µ + sin θN sin θW Bµ + cos θN W ′3µ , (32)
where the mixing angles are given by, tan θW =
g′
g
and tan 2θN =
b
a−
. The definitions of b and a± are
b ≡ 1
8
g′2
√
g2 + g′2v21 , (33)
a± ≡ 1
16
[
g′2
2
(v21 + v
2
s)± (g2 + g′2)(v21 + v22)
]
. (34)
There are four other physical gauge bosons, which are W±µ and X1,2µ. The mass squared of all the physical gauge
bosons are then given by,
m2W± =
1
4
g2(v21 + v
2
2) , (35)
m2X1,2 =
1
4
g′2
2
(v21 + v
2
s ) , (36)
m2A = 0 , (37)
m2Z = a+ −
√
a2− + b2 , (38)
m2X3 = a+ +
√
a2− + b2 . (39)
Also, there are exactly six massive gauge bosons corresponding to six Goldstone modes.
7V.II. Gauge bosons interactions
Next, we study the interactions between the physical gauge bosons and scalars. A few important terms in Eq. (27)
are
(40)
Lintgs =
1
2
g′2
2
X2µX
µ
1 φ
+
3 φ
−
3 +
1
2
g′2
2
X2µX
µ
1 T
+
2 T
−
2 +
i√
2
g′2X1µ
(
∂µφ+1
)
φ−3 −
i√
2
g′2X1µφ
+
1
(
∂µφ−3
)
+
i√
2
g′2X2µ
(
∂µφ+3
)
φ−1 −
i√
2
g′2X2µφ
+
3
(
∂µφ−1
)
+
i√
2
g′2X1µ
(
∂µT−1
)
T+2
− i√
2
g′2X1µT
−
1
(
∂µT+2
)
+
i√
2
g′2X2µT
+
1
(
∂µT−2
)− i√
2
g′2X2µ
(
∂µT+1
)
T−2 + ... .
We rewrite Eq. (40) in terms of the physical scalars using Eqs. (13)-(16), and then derive the necessary Feynman
rules for the interactions in the following
(41)
Lintgs =
1
2
g′2
2
X2µX
µ
1
[
H+1 H
−
1 +H
+
2 H
−
2
]
+
i√
2
g′2X2µ cos θ sinβ
[
H+1 (∂
µh−2 )− (∂µH+1 )h−2
]
+
i√
2
g′2X2µ sin θ cosβ
[
(∂µH+2 )h
−
2 −H+2 (∂µh−2 )
]
+
i√
2
g′2X2µ sin θ
[
T+1 (∂
µH−1 )− (∂µT+1 )H−1
]
+
i√
2
g′2X2µ cos θ
[
T+1 (∂
µH−2 )− (∂µT+1 )H−2
]
+ h.c+ ... .
Next, we consider the kinetic energy terms of the Li leptons. These terms give us the interactions of the leptons
with the gauge bosons. Let us first write down the kinetic term
(42)
LLkinetic =
(
L¯i
)
αβ
iγµ (∂µILi)βα +
(
L¯i
)
αβ
iγµ
(
1
2
igτaWµaLi
)
βα
+
(
L¯Ti
)
αβ
iγµ
(
1
2
ig′2τaW
′
µaL
T
i
)
βα
− (L¯i)αβ iγµ
(
1
2
ig′BµILi
)
βα
,
where i is the generation index; α and β are SU(2) index; and a = 1,2,3. The Eq. (42) will give us the important
interaction term between the neutral leptons and gauge bosons Xµ1,2 as below
LLkinetic = −
1√
2
g′2X2µν¯iγ
µE0i +H.c+ ... , (43)
We need one more interaction term which will play an important in the next section. We write the Yukawa sector,
given by Eq. (4), in terms of the physical scalar and fermions. We write all the relevant terms here:
LY ukawa = −y1ijE0i T+1 F3j + y2ij sinφ E0i h−2 F c3j + ... . (44)
VI. NEUTRINO MASSES
We obtain an analytical expression for the neutrino mass matrix elements in this section. As mentioned before,
the particle content of our model does not allow us to generate the neutrino masses below three loop; thus, the
leading contributions to neutrino masses arise from the three loop diagrams shown in Fig. 2. The new gauge bosons,
X1 and X2, are responsible for these three loop diagrams
1.
We have all the necessary physical particle masses and the interaction terms to calculate the three loop diagram
in Fig. 2. In unitary gauge, the Majorana mass matrix elements are given by
(45)(Mν)ji =
1
4
g′2
4
y1jly2li sin 2θ sin
2β × I3loop ,
1 We have used the package TikZ-Feynman [53] to draw the diagram.
8νi νj
E0jXElXE
c
lE0i
h−2 T
+
1
X2µ
H−1
X2ν
(a)
νi νj
E0jXElXE
c
lE0i
h−2 T
+
1
X2µ
H−2
X2ν
(b)
FIG. 2: Three loop diagrams responsible for the Majorana neutrino masses. We have two similar diagrams for X1
gauge boson.
where i, j , l = 1,2,3. And I3loop is the three-loop integral given by
2
I3loop =
1
(16π2)3
(
m2X −m20j
)
(m2X −m20i)m2X
∫ ∞
0
dr
r2
r +M2l
[
1
r +m2H1
+
1
r +m2H2
]
× [4Mlmojm0i{fh(r,m2X ,m20i,m2h2)g2T (r,m2X ,m20j ,m2T1) + fT (r,m2X ,m20j ,m2T1)g2h(r,m2X ,m20i,m2h2)
−m2Xfh(r,m2X ,m20i,m2h2)fT (r,m2X ,m20j ,m2T1)}
+ 2m0jfT (r,m
2
X ,m
2
0j ,m
2
T1
){g4h(r,m2X ,m20i,m2h2)−m2Xg2h(r,m2X ,m20i,m2h2)}
− 2m0ifh(r,m2X ,m20i,m2h2){g4T (r,m2X ,m20j ,m2T1)−m2Xg2T (r,m2X ,m20j ,m2T1)}
]
.
(46)
The definitions of the integral functions appeared in Eq. (46) are
fh(r,m
2
X ,m
2
0i,m
2
h2
) =
∫ 1
0
dx ln
x(1 − x)r + (1− x)m2X + xm2h2
x(1 − x)r + (1− x)m20i + xm2h2
, (47)
fT (r,m
2
X ,m
2
0j ,m
2
T1
) =
∫ 1
0
dx ln
x(1 − x)r + (1− x)m2X + xm2T1
x(1 − x)r + (1− x)m20j + xm2T1
, (48)
(49)
g2h(r,m
2
X ,m
2
0i,m
2
h2
) = m2X
∫ 1
0
dx ln
x(1 − x)r + (1− x)m2X + xm2h2
m2X
−m20i
∫ 1
0
dx ln
x(1− x)r + (1 − x)m20i + xm2h2
m2X
,
(50)
g2T (r,m
2
X ,m
2
0j ,m
2
T1
) = m2X
∫ 1
0
dx ln
x(1 − x)r + (1− x)m2X + xm2T1
m2X
−m20j
∫ 1
0
dx ln
x(1 − x)r + (1− x)m20j + xm2T1
m2X
,
(51)
g4h(r,m
2
X ,m
2
0i,m
2
h2
) = m4X
∫ 1
0
dx ln
x(1 − x)r + (1− x)m2X + xm2h2
m2X
−m40i
∫ 1
0
dx ln
x(1− x)r + (1 − x)m20i + xm2h2
m2X
,
2 A large part of the loop integral calculation is done by using the FeynCalc package [47, 48].
9(52)
g4T (r,m
2
X ,m
2
0j ,m
2
T1
) = m4X
∫ 1
0
dx ln
x(1 − x)r + (1− x)m2X + xm2T1
m2X
−m40j
∫ 1
0
dx ln
x(1 − x)r + (1− x)m20j + xm2T1
m2X
.
The mass matrix elements get a large suppression from
g′
2
4
(16pi2)3 ∼ 10−11, which pushes the new scale to TeV. The
numerical analysis depends on the choice of various parameters in the model; particularly the contribution from
the gauge bosons X1,2 will be very crucial.
VII. NUMERICAL ANALYSIS
In this section, we show that the neutrino mass matrix given by the Eq. (45) can fit the neutrino oscillation data.
We only consider the normal hierarchy of the neutrino masses. The discussion of the inverted hierarchy case will
be similar. The best fit of the neutrino oscillation data for normal hierarchy at 3σ range [49] are
sin2 θ12 =0.271− 0.345; sin2 θ23 = 0.385− 0.635; sin2 θ13 = 0.01934− 0.02392; δCP = 0
◦ − 360◦;
∆m221 = 7.03× 10−5eV− 8.09× 10−5eV; ∆m231 = 2.407× 10−3eV− 2.643× 10−3eV . (53)
We define the matrix Mdν = diag(m1,m2,m3) as the diagonalized neutrino mass matrix. In the normal hierarchy
scenario, the oscillation data correspond to m1 < m2 < m3. In the simplest scenario, the lightest neutrino can be
assumed to be massless. We take the neutrino mass eigenvalues as follows:
m1 ≃ 0 eV;m2 ≃ 8.66× 10−3 eV;m3 ≃ 4.98× 10−2 eV . (54)
We then obtain the Majorana mass matrix from the Mdν matrix as
Mν = U
−1MdνU , (55)
where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix [50, 51] parametrized by
U =

 c12c13 s12c13 s13e
−iδCP
−s12c23 − c12s23s13eiδCP c12c23 − s12s23s13eiδCP s23c13
s12s23 − c12c23s13eiδCP −c12s23 − s12c23s13eiδCP c23c13

× P , (56)
where cab ≡ cos θab and sab ≡ sin θab. P is the unit matrix for Dirac neutrinos or a diagonal matrix with two phase
angles for Majorana neutrinos. We take both the Majorana phase angles to be zero and the central values of the
parameters from Eq. (53). Without loss of generality, we choose δCP to be zero as well. We can now obtain the
mass matrix from Eq. (55)
Mν =

 6.35989× 10
−12 1.18618× 10−11 1.32647× 10−11
1.18618× 10−11 2.3611× 10−11 2.59738× 10−11
1.32647× 10−11 2.59738× 10−11 2.86893× 10−11

 GeV . (57)
We have the constraint v21 + v
2
2 ≃ 2462 GeV2 and tanβ = v2v1 . The v1 and v2 are also constrained by the top and
bottom quark masses. The small values of tanβ will give a large value of the top quark Yukawa coupling (y4)33,
which will make the model nonperturbative. To avoid that, we take tanβ = 2, which gives us the mixing angle β
to be equal to 63◦. We then get v1√
2
and v2√
2
to be 78 GeV and 156 GeV, respectively. We choose the VEV vs√
2
at
the TeV scale, to be 17 TeV. Now choosing g′2 to be equal to 0.35, we get the mass of the gauge boson X to be
5 TeV. By choosing appropriate values for different λ parameters in Eqs. (19) and (20), we can take m22 and m
2
3
to be 2.5 × 107 GeV2 and 2.5 × 105 GeV2 respectively. Now choosing λ ≃ .03, we obtain mH1 and mH2 to be 5
TeV and 500 GeV respectively from Eqs. (17) and (18) using the mixing angle, θ= 0.005◦. Similarly, Eq. (21) gives
mT1 to be 500 GeV. The other mass parameters needed are the vectorlike particle masses. The lower bound on the
vectorlike lepton mass is 101 GeV, which comes from the LEP experiment [52]. We take m0 to be 115 GeV, 125
GeV, and 135 GeV respectively for the first, second, and third generations. We use M, the mass for the F particle
to be 110 GeV, 120 GeV, and 130 Gev respectively for the three generations. All parameters are as follows:
mH1 =5 TeV, mH2 = 500 GeV, mX = 5 TeV, mh2 = 268 GeV, mT1 = 500 GeV ,
β = 63◦, θ = 0.005◦, M = (110, 120, 130) GeV, m0 = (115, 125, 135) GeV . (58)
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We can use these parameters in Eq. (45) to fit the neutrino mass matrix given in Eq. (57) for Yukawa couplings
that satisfy y1 × y2 to be of the order of 0.001 to 0.0001.
We have presented one set of viable input parameters. There exist many other possible sets as well. The Yukawa
coupling constants can be made even larger by taking larger values of vs√
2
. The mass mX controls the value of the
numerical integration. The other mass parameters do not play an important role in the calculations. The mass gap
between mH1 and mH2 can be small, which does not affect the numerical result in any significant way. Another
important factor, which affects the value of the numerical result, is the loop suppression factor. The value of tanβ
can change the numerical results as well.
VIII. RELEVANT LHC CONSTRAINTS
In the previous section, we have shown, by presenting a set of parameters, that the analytically obtained neutrino
mass matrix can fit the experimental data on neutrino oscillation. In this section, we discuss the constraints on
the masses of the particles, that appear in the three-loop diagram that generates the neutrino mass, from the LHC
searches.
In the following table we write the different possible final states of the particles that can be observed in the LHC
or any future collider experiments.
Particles Possible final states
Xµ3 e
+
i e
−
i
did¯i
H−1 /H
−
2 uid¯j + νi + E
0
j
did¯j + e
−
j + E
0
i
h−2 uid¯j + E
0
i + E
0
j
uid¯j
T+1 u¯idj + E
0
i + E¯
0
j
did¯j + e
+
i + E
0
i + ν¯i + E¯
0
i
F c3 uid¯j + E
0
i
did¯j + e
+
i + E¯
0
i + ν¯i
TABLE I: The list of the fields needed for calculating the three-loop diagram and their signatures.
The gauge bosons Xµ1 , X
µ
2 and X
µ
3 associated with the new gauge group SU(2)N have similar masses. X
µ
1 and
Xµ2 gauge bosons can not be produced directly in the LHC, but the other gauge boson X
µ
3 (which is like Z
′) can
be produced as did¯i → Xµ3 . The experimental bounds on the gauge boson masses can be found by looking into the
decay channel of Xµ3 , which is X
µ
3 → e+i e−i . Heavy neutral particle decaying into the dilepton final state has been
searched by both the ATLAS [54] and CMS [55, 56] Collaborations using 36 fb−1 of proton-proton collision data at√
s = 13 TeV at the LHC. We choose g′2 to be ∼0.35. Using this coupling, we find the lower limit of Xµ3 mass to be
around 3.8 TeV. The other decay channel has the dijet final state. The search for a dijet resonance final state by
CMS [57] and ATLAS [58] in the proton-proton collision at
√
s = 13 TeV corresponding to an integrated luminosity
up to 36 fb−1 and 37 fb−1 respectively, gives a lower limit of the Xµ3 mass to be around 3.6 TeV for the coupling
constant g′2 to be ∼0.35. We have used mX=5 TeV for our three-loop calculation.
The scalar (H , h2, T1)-quark interactions arise from the Yukawa couplings which are related to the up-type
and down-type qaurk mass generations, and therefore the couplings have hierarchy. The third generation couplings
dominate. Similarly the Yukawa coupling constant for the third generation lepton is dominant. Therefore, the scalars
are produced by Drell-Yan process at the LHC. Further, these new particles that appear in the loop calculation
mostly decay into the lightest neutral particle E0i ; the final states contain missing energy which means that the
current constraints arising from the supersymmetry (SUSY) particle searches in R-parity conserving models can be
applied to these new particles.
The heavy charged scalars H±1,2, h
±
2 and T
±
1 are produced in pairs via the Drell-Yan process at the LHC.
We can obtain the constraints on the charged scalar mass from the final states of the charged scalar pair decay
products as shown in Table I. The final states of H±1,2 can be obtained from pp → H−1 H+1 /H−2 H+2 (H−1 /H−2 →
νiF
c
3j , F
c
3j → E0j h−2 , h−2 → uid¯j) and pp → H−1 H+1 /H−2 H+2 (H−1 /H−2 → E0i Ecj , Ecj → e−j s2, s2 → did¯j). For h±2 ,
pp → h−2 h+2 (h−2 → E0i F c3j , F c3j → E0j h−2 , h−2 → uid¯j) and pp → h−2 h+2 (h−2 → uid¯j) give the final states. We get the
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final states of T±1 from pp→ T+1 T−1 (T+1 → E0i F3j , F3j → E¯0j h+2 , h+2 → u¯idj) and pp→ T+1 T−1 (T+1 → E0i F3j , F3j →
ν¯iH
+
1 , H
+
1 → E¯0i Ecj , Ecj → e+i s2, s2 → did¯j).
The final states can be multijet plus missing transverse energy (MET) or multijet plus multi e, µ, τ plus MET
where MET can be used to suppress the SM background. The multijet plus MET final state is similar to the final
states arising from the gluino pair production at LHC. The data collected by CMS [59] at
√
s = 13 TeV, with an
integrated luminosity of 35.9 fb−1 and by ATLAS [60] at
√
s = 13 TeV, with a luminosity of 36 fb−1 constrain
multijet plus MET production cross section to be ≤ 1 fb. The charged scalar crosssection is around 0.1 fb ×
branching ratio for a 500 GeV charged scalar mass (H±1,2 and T
±
1 ) used in our loop diagram [61], which is well below
the current limit.
We also have multijet plus oppositely charged taus plus MET for H±1,2, h
±
2 and T
±
1 and multijet plus oppositely
charged leptons (e, µ) plus MET for H±1,2, and T
±
1 , where multileptons final states arise from the top quark decay.
Data collected with the CMS [63] at
√
s = 13 TeV and integrated luminosity of 35.9 fb−1 and by ATLAS [62]
at
√
s = 13 TeV and integrated luminosity of 36.1 fb−1 search for new physics with a final state containing two
oppositely charged, same flavored leptons(e+e− and µ+µ−), multijets and MET [63] and the production cross
section is constrained to be ≤ 1 fb, however, as mentioned before, the charged scalar (H±1,2 and T±1 ) pair production
cross section is 0.1 fb for 500 GeV mass as used in the loop calculation. The final states of H±1,2, h
±
2 and T
±
1 can
contain multijet plus oppositely charged taus plus MET. Final states with tau are less constrained. The search for
chargino pair production with the final state involving multitau(τ+τ−) by CMS [64](with an integrated luminosity
35.9 fb−1) and ATLAS [65] (with an integrated luminosity 36.1 fb−1) in the proton-proton collision at
√
s = 13
constrain the production cross section to be ≤ 10 fb. However, the production crosssections for 300 GeV h±2 and
500 GeV H±1,2 and T
±
1 (as used in the calculation) are 0.3 and 0.1 fb respectively Therefore, we do not get any
constraint on the charged scalar masses used in the loop calculation from the final states involving multitau and
multilepton (e, µ).
The vectorlike lepton F c3 is produced in pair in Drell-Yan process in proton-proton collision at the LHC. The
F c3 pair decays to the lightest neutral particle E
0
i and jet. pp → F c3 iF3i(F c3 i → E0i h−2 , h−2 → uid¯j) and pp →
F c3 iF3i(F3j → ν¯iH+1 , H+1 → E¯0i Ecj , Ecj → e+i s2, s2 → did¯j) give the final states. The typical masses for F c3 and
E0i are chosen to be 110-130 GeV and 115-135 GeV for the loop calculation. Since the mass of E
0
i is close to the
mass of F c3 , the direct production of F
c
3 does not contain enough missing energy along with soft taus and jets in
the final state which makes it extremely difficult to extract the signal from the SM background. This problem is
similar to the search for chargino-second lightest neutralino with smaller mass gaps between the charginos/second
lightest neutralino and the lightest neutralino. In fact, the final states of the vectorlike leptons are similar to
the chargino-second lightest neutralino pair production where the chargino/second lightest neutralino decay to the
lightest neutralino with W/Z bosons in the final states. Search for chargino-second lightest neutralino production
at ATLAS [66] and CMS [67] at
√
s = 13 TeV and integrated luminosity of 36.1 fb−1 and 35.9 fb−1 respectively,
show that there is no constraint for mass difference ≤ 70 GeV for any chargino/second-lightest neutralino mass.
Further, these experimental searches used final states with e, µ. However, if the final state dominantly contains
taus (our case) we do not have any constraint from the LHC. It is possible to have jets plus missing energy final
state from the F3 final state (I), but jets are too soft due to the small mass gap, and there is not enough missing
energy. Therefore, we do not have any constraint on the vectorlike lepton masses which we have used in our loop
calculation from the LHC as of yet.
IX. CONCLUSION
To construct a natural radiative neutrino mass model which can be tested at the future collider experiments, we
have extended the SM gauge symmetry by the SU(2)N gauge group, which comes from the decomposition of the
E6 GUT. We have presented the particle content and all the possible Yukawa interactions and studied the scalar
and gauge sectors in details. Interestingly, the tiny neutrino masses are found to be only generated at three loops
where the SU(2)N gauge bosons play an important role. The new gauge bosons X1,2 and vectorlike fermions enter
into the three loop diagrams. Because of the large suppression from the loop integral, the new physics scale can
be around TeV, which is testable, unlike the high-scale tree-level seesaw mechanism, as well as the one-loop and
two-loop neutrino mass models.
We have obtained an analytical expression for the Majorana neutrino masses. This mass expression depends
on the spontaneous symmetry breaking scale of the SU(2)N gauge group. From the three loop calculation, we
have shown that the analytical expression, in our radiative neutrino mass model, is consistent with the neutrino
oscillation data. For example, for vs√
2
to be 17 TeV and the new gauge boson mass to be 5 TeV, the other mass
parameters are chosen to be between the electroweak and TeV scale, which is consistent with our goal of obtaining
neutrino mass at experimentally testable scale. Using these input parameters along with the neutrino mass matrix
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obtained from the oscillation data, we found the Yukawa couplings to be 0.01 or larger. For larger values of vs√
2
the Yukawa couplings will be larger. The typical masses of the new particles used in our three-loop calculation are
allowed by the current LHC data.
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